It is well recognized that products other than lactic acid may be produced by homofermentative lactic acid-producing streptococci. Small quantities of formic, acetic, propionic, and butyric acids, ethanol, carbon dioxide, 2,3-butanediol, acetoin, and biacetyl have been reported as metabolic products of these organisms (Hammer, 1920; Foster, 1921; Langwill, 1924; Long and Hammer, 1936) . Of these, however, only ethanol and lactic, acetic, and formic acids have been taken into account in quantitative studies of glucose fermentation (Friedemann, 1938(Friedemann, , 1939 Gunsalus and Niven, 1942; White et al., 1955) . Carbon recoveries in such experiments were usually 85 to 95 per cent, and equimolar quantities of one-and two-carbon products were found. Oxidation-reduction (O/R) indices, however, varied considerably from the theoretical 1.0, indicating that the products reported, particularly those other than lactate, were not the only ones formed.
It is well recognized that products other than lactic acid may be produced by homofermentative lactic acid-producing streptococci. Small quantities of formic, acetic, propionic, and butyric acids, ethanol, carbon dioxide, 2,3-butanediol, acetoin, and biacetyl have been reported as metabolic products of these organisms (Hammer, 1920; Foster, 1921; Langwill, 1924; Long and Hammer, 1936) . Of these, however, only ethanol and lactic, acetic, and formic acids have been taken into account in quantitative studies of glucose fermentation (Friedemann, 1938 (Friedemann, , 1939 Gunsalus and Niven, 1942; White et al., 1955) . Carbon recoveries in such experiments were usually 85 to 95 per cent, and equimolar quantities of one-and two-carbon products were found. Oxidation-reduction (O/R) indices, however, varied considerably from the theoretical 1.0, indicating that the products reported, particularly those other than lactate, were not the only ones formed.
It was believed that complete fermentation balances, especially in regard to O/R indices, would clarify and extend the knowledge of the metabolic processes of these bacteria. This paper reports a quantitative study of the products formed by several homofermentative lactic acid streptococci in their anaerobic fermentation of glucose.
MATERIALS AND METHODS
Cultures and media. The cultures used in this work were obtained from collections in the Department of Bacteriology, University of Wisconsin. They were carried as stabs in APT agar (Evans and Niven, 1951) strain 171, S. cremoris strain 144F, S. faecalis strain 30-9, and S. faecalis strain 1.
Fermentation procedures. Inoculum was grown in and fermentations were conducted in APT broth (Evans and Niven, 1951) modified by the elimination of sodium citrate, reduction of K2HPO4 to 0.1 per cent, and addition of 0.5 ml of saturated aqueous bromeresol purple per L of medium. Glucose, as a 20 per cent solution, the bromcresol purple solution, and the remaining portion of the medium were sterilized separately at 121 C for 20 min and combined after sterilization. Four hundred ml of medium inoculated with 20 ml of a 24-hr culture was placed in a sterile 500 ml Erlenmeyer flask plugged with a sterile rubber stopper. The air in the flask was replaced aseptically with nitrogen (sterilized by filtration) by means of a hypodermic needle inserted through the stopper. In the absence of glucose neither growth, as indicated by turbidity, nor fermentation products could be detected in the inoculated medium in the usual experimental time period.
Fermentations were allowed to develop the low pH values characteristic of homofermentative streptococci except in experiments where pH control was desired. To control pH, 20 or 50 per cent KOH was injected through the stopper at '2-hr intervals by means of a syringe and needle until the color of the medium matched the color of control medium adjusted to pH 7.0 with a pH meter.
After 24 to 30 hr in the fermentations without pH control, or 12 to 16 hr in controlled fermentations, a 0.25 ml portion of the culture was withdrawn with a syringe and needle. The sample was tested for contamination by microscopic examination and by inoculation of nutrient agar slants and litmus milk. Further biological activity in the fermentations was stopped as soon as the samples were taken by injecting 5 ml of 10 N H2SO4 through the stopper. Fermentations in the presence of C1402 were conducted in 500 ml suction flasks. amounts of BaC'403 having an activity of approximately 1 X 106 counts/min/mg were added to sterile test tubes suspended from rubber stoppers of proper size to fit the flasks. The cotton plugs in the flasks were replaced with the rubber stoppers and their attached test tubes of BaC'403 so that the latter were suspended in the flasks above the medium. The flasks were flushed with nitrogen through the side arms and were left with a pressure of approximately 0.1 atm. Sufficient 1 N H2SO4 was injected through the stoppers into the test tubes to liberate all the radioactive carbon as carbon dioxide. The fermentation flasks were then brought to atmospheric pressure with nitrogen, and the fermentations were allowed to proceed in the usual manner with pH control.
Analytical methods. Carbon dioxide and combustible gases in the fermentation flasks were estimated from analysis of the head gas with an Orsat apparatus and from the calculated amounts of the gases dissolved in the medium. The fermentation broth was diluted to 1 L with distilled water.
The diluted culture solutions were assayed directly for lactic acid (Barker and Summerson, 1941) , residual sugar by the anthrone method (Loewus, 1952) , and glycerol (with corrections for residual sugar) (Lambert and Neish, 1950) .
A 100 ml portion of the diluted culture adjusted to pH 7.5 and to which 25 g of Na2SO4 were added was distilled at constant volume until 100 ml of distillate was obtained. The distillate was assayed for ethanol (Johnson, 1932; Milton and Waters, 1949) , acetoin, and biacetyl (Neish, 1952) . Paper chromatography of the volatile acids (Kennedy and Barker, 1951) obtained by dichromate oxidation of the distillate revealed only acetic acid.
Volatile acids were distilled slowly from 100 ml of diluted culture at pH 2 to 3 at constant volume in the presence of 40 g of MgSO4 -7H20 until 500 ml of distillate was collected. The distillate was titrated with standard NaOH, assayed colorimetrically for formate (Grant, 1948) , and evaporated on a steam bath to 3 to 5 ml. Paper chromatography of the concentrated distillates indicated that acetic and formic acids were the only volatile acids produced in any of the fermentations reported here. Acetic acid therefore could be estimated by the difference between the total titration value corrected for recoveries and the amount of formate found colorimetrically.
A colorimetric assay for 2,3-butanediol (Neish, 1952) was made on an ether extract of 100 ml of diluted culture. The extraction was made at pH 8 to 8.5 for 96 hr at 55 C.
In experiments involving the use of radioactive carbon dioxide, cells were isolated from acidified fermentations by centrifugation, washed twice with distilled water, and assayed for dry weight after drying at 100 C for 24 hr. The clear fermentation solution was boiled under reflux for 15 min, and lactic acid was isolated as the zinc salt (Pederson et al., 1926) . Acetic acid was isolated as the sodium salt from the volatile acid fraction after removal of formic acid by oxidation with Hg2Cl2. Radioactivity measurements were made with a Nuclear Instruments and Chemical Corp. gas flow counter at "infinite thinness." Corrections were made for background count.
RESULTS
Lactic acid was the major product of glucose metabolism in fermentations with and without pH control (tables 1 and 2). The by-products included not only ethanol, acetic acid, and formic acid, as are usually reported, but also glycerol, biacetyl, acetoin, 2, 3-butanediol, and carbon dioxide. The latter compound was the major oxidized product in 10 of the 14 balances presented in tables 1 and 2. In addition, the expected increases in proportions of by-products formed when the pH was held at neutrality during fermentation (Gunsalus and Niven, 1942) were observed with the enterococci and with S. thermophilus strain Mc, but not with S. lactis strain 171 nor S. cremoris strain 144F. The latter two cultures showed the reverse effect in that smaller amounts of by-products were formed at pH 7.0 than in fermentations allowed to become acid.
In all fermentations the yields of acetate were most affected by pH. It was noted also in these experiments that fermentation balances having satisfactory carbon recoveries and O/R indices were always characterized by C1:C2 ratios far below the value of about 1.0 found by previous workers (Friedemann, 1938 (Friedemann, , 1939 Gunsalus and Niven, 1942; White et al., 1955) .
To ascertain whether the particular medium and fermentation conditions used favored the appearance of the products recovered and the C1:C2 ratios observed, attempts were made to alter the fermentation balances by growing cultures under conditions different from those first employed. The tion system was examined by comparison of fermentation products of S. liquefaciens strain 3 and S. lactis strain 171 grown under previously described conditions with those formed when nitrogen was passed through the cultures at a rate of 50 ml/min. Carbon dioxide was trapped by passing the effluent gas through a scrubbing tower containing 20 per cent KOH and assayed by titrating the KOH, using Winkler's double endpoint method (Furman, 1Q39) . A pH meter was employed to locate the endpoints. The fermentation balances calculated from the products found in these experiments had the low C1:C2 ratios characteristic of fermentations in sealed flasks (table 3) . Changes in the composition of products in the sparged fermentations (as compared with static cultures, table 2) were evident only in the absence of glycerol formation by S. liquefaciens strain 3 and the formation of larger proportions of four-carbon products by both cultures. The effect of medium composition on fermentation balances was investigated by growing S. liquefaciens strain 3, S. lactis strain 171, and S. cremoris strain 144F under the usual conditions except that yeast extract and K2HPO4 were eliminated from the fermentation medium. The inoculum consisted of washed cells harvested from the usual volume of culture. The fermentation balances under these conditions again were similar to those in the complete fermentation medium, even though much less glucose had been used when fermentation ceased (table 4) .
The differences between the actual and the theoretical yields of one-carbon compounds (missing C1) calculated from the amounts of two carbon compounds recovered seemed to be related to the yields of acetate (figure 1). The fermentations without pH control appeared to yield slightly different missing Cl-acetate relationships than fermentations at pH 7.0, as is shown by the slopes of the least squares lines. The fermentations of S. durans (table 1) and of S. 
DISCUSSION
The almost theoretical oxidation-reduction indices and the carbon recoveries reported here make it likely that the variety of products found in small amounts as well as the major product, lactate, were formed from glucose rather than other carbon-containing constituents of the medium. Attempts to cause significant changes in the products formed by using an open fermentation system or a nutritionally deficient medium were unsuccessful. The formation of small amounts of a variety of products in addition to lactic acid from glucose appears to be typical of the homofermentative lactic streptococci studied, in contrast to the more limited range of products previously reported. Also, in contrast to previous studies, carbon dioxide rather than formate was nearly always the major oxidized product.
There was nothing to suggest that the formation of these compounds occurs by other than conventional glycolytic reactions. However, the equimolar relationships of one-and two-carbon products expected from pyruvate were never observed. Fixation of C'402 demonstrated here with three typical cultures provides a possible route for converting one-carbon fragments to multiplecarbon products and an explanation for the low C1: C2 ratios. Fixation of C'402 to malic and aspartic acids by Lactobacillus casei has been reported (Lynch and Calvin, 1952) , although Slade et al. (1942) earlier mentioned the inability of S. lactis and L. plantarum to fix C1302. While fixation was demonstrated directly for only three of the cultures studied here, the similarity of the ratios of missing C1 to acetate as well as the low C1:C2 ratios suggest that all of the cultures may fix carbon dioxide as a part of normal glucose metabolism. Carbon dioxide fixation in the metabolism of the homofermentative lactic acid streptococci may be a corollary of the known nutritional requirements for carbon dioxide by these organisms (Lardy et al., 1947; Lytle et al., 1951) . In addition, fixation of carbon dioxide can be viewed as a metabolic necessity completely apart from any function that the one-carbon fragment may have in synthesis or nutrition. Carbon dioxide formation by these organisms would prevent the normal reoxidation of diphosphopyridine nucleotide by reduction of pyruvate to lactate. Among the anaerobic reactions of pyruvate resulting in carbon dioxide production, including the formation of four-carbon products, only the carboxylase reaction with subsequent reduction of acetaldehyde to ethanol yields the same proportion of oxidized diphosphopyridine nucleotide as does lactate formation. Homofermentative streptococci have been reported to produce highly active alcohol dehydrogenase (Gunsalus and Wood, 1942) . The approximate equivalence of ethanol and carbon dioxide yields in certain of the fermentations may lead to the speculation that the carbon dioxide recovered was equivalent to the pyruvate directly converted to carbon dioxide and ethanol. One-carbon fragments resulting from the condensation of pyruvate to four-carbon products necessarily then would be reduced and converted to multiple-carbon compounds in the reoxidation of diphosphopyridine nucleotide. However, the lack of equivalence of carbon dioxide and ethanol yields in the majority of the fermentations would suggest that any such specificity in the origin of carbon dioxide fixed or recovered was not general.
Although the fermentation balances indicate that acetate was the major ultimate fixation product, the large amounts of radioactivity recovered in lactate and cells demonstrated that the reaction probably involves more than a direct reduction to a metabolically inert acetate. Whatever the mechanism, conversion of onecarbon compounds to two-carbon compounds, apparently largely acetate, seems to be an important factor in the effect of pH on fermentation products. The degree to which the pH effect is observed in homofermentative streptococci may depend not only on the culture but also on whether conditions are provided for reducing the one-carbon compounds to acetate.
S'UMMARY
Glucose fermentation balances for seven typical homofermentative lactic acid streptococci grown anaerobically with and without pH control were presented. The products found included lactic, acetic, and formic acids, carbon dioxide, ethanol, glycerol, biacetyl, acetoin, and 2,3-butanediol. The products other than lactate accounted for less than 18 per cent of the recovered glucose carbon. Equimolar amounts of one-and two-carbon products were not found. From the fermentation balances it was suggested that part of the carbon expected as one-carbon product was converted to acetate. Carbon dioxide fixation was demonstrated in the three cultures tested and may serve as a method for converting one-carbon products to acetate. However, considerable radioactivity was found in lactate and cells, indicating that the fermentation product, acetate, may not be metabolically inert or that the mechanism of fixation involves more than direct reduction of carbon dioxide to acetate.
